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Abstract: In the present study, the effects of indole-3-butyric acid (IBA) alone and in combination with L-methionine were investigated
on the morphogenic and biochemical responses in the shoot tip explants of the cherry rootstocks CAB-6P (Prunus cerasus L.) and
Gisela 6 (Prunus cerasus × Prunus canescens). The best results for roots, regarding their number and the fresh and dry weight, were
obtained with 2 mg L–1 IBA in both rootstocks. Maximum rooting percentage was with the combination of 2 mg L–1 IBA and 0.5 mg
L–1 L-methionine. Root length was greatest in the control plants. L-methionine had an inhibitory effect on the leaf chlorophyll content
of the CAB-6P rootstock and no effect in Gisela 6. L-methionine with the lowest IBA concentration (0.5 mg L–1) exhibited elevated
levels of proline in the roots of the CAB-6P rootstock and depleted levels in Gisela 6. For the Gisela 6 rootstock, the leaf carbohydrate
concentration was highest with 2 mg L–1 of IBA, whereas in the roots it was highest in the control. For the CAB-6P rootstock, the leaf
carbohydrate concentration was not influenced by IBA with L-methionine, whereas the highest carbohydrate concentration in the roots
was with the combinations of 0.5 mg L–1 IBA and 1 and 2 mg L–1 L-methionine. Taking into account the different parameters examined,
it appears that chlorophyll and carbohydrates are the most accurate biochemical markers of the rooting process in both rootstocks. The
increased levels of proline in the roots of CAB-6P with the treatments of 0.5 mg L–1 IBA combined with 1 and 2 mg of L–1 L-methionine,
as opposed to IBA alone, show osmotic or oxidative stress. In the Gisela 6 explants, the decline in proline levels in the roots indicates a
mechanism of osmoregulation and osmotic adjustment, which seems to be localized only in the roots and not in the leaves.
Key words: Auxins, carbohydrates, cherry rootstocks, chlorophyll content, in vitro rooting, proline

1. Introduction
CAB-6P (Prunus cerasus L.) is a rootstock for cherry.
All cherry varieties grafted on this rootstock present less
vigor (–30%), earlier cropping, better fruit quality and
color, and higher yield efficiency in comparison to those
grafted on seedlings. Gisela 6 (P. cerasus × P. canescens) is
less demanding than Gisela 5 as it tolerates soils of poorer
quality, is less demanding of water supply, and requires less
intensive cultural management. The vigor of this rootstock
is between those of Gisela 5 and Prunus avium.
It is well known that amino acids can induce
rhizogenesis. In shoot tips of Torenia fournieri grown in
vitro, the amino acids glutamic acid, aspartic acid, alanine,
glutamine, proline, serine, and arginine induced rooting
of explants in the presence of a-naphthalene acetic acid
(Kamada and Harada 1979). Furthermore, it was found
that while proline (10–200 mg L–1) increased the rooting
percentage and number of roots per rooted explant of
sweet cherry (Prunus avium L.) and sour cherry (Prunus
cerasus L.), the root length was reduced (Baraldi et al.
1988).
* Correspondence: vsarropo@agro.auth.gr
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The different forms of nitrogen as well as its proportion
can influence a number of factors in various in vitro
cultures, such as cell division, the growth and development
of somatic embryos, chlorophyll content, ribulose-1,
5-bisphosphate carboxylase/oxygenase activity, the
electron transport rate, the photosynthetic rate, fresh mass,
soluble protein concentration, and the osmotic pressure of
the cell sap (Mashayekhi-Nezamabadi 2000). It has been
reported that reduced nitrogen forms, particularly amides
and amino acids, can improve cell proliferation, as well as
regeneration in specific genotypes (Vasudevan et al. 2004).
Methionine, a sulfur-containing amino acid, is a
precursor of ethylene biosynthesis in plant tissues (Yang
1985). Besides its function as a protein constituent and
its central role in the initiation of mRNA translation,
methionine indirectly regulates a range of cellular
processes as the precursor of S-adenosylmethionine
(SAM) (Amir et al. 2002). Not only is SAM the primary
biological methyl-group donor, but it is also the precursor
of plant metabolites, including ethylene, polyamines,
vitamin B1, and the iron chelator mugineic acid (Sun
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1998). As a donor for methyl groups, methionine regulates
essential cellular processes, such as cell division, cell
wall synthesis, chlorophyll synthesis, and membrane
synthesis through SAM (Roje 2006). Furthermore, SAM
is the source of polyamines, in particular spermidine and
spermine, which play crucial roles in many aspects of plant
growth, including cell proliferation and differentiation,
apoptosis, homeostasis, and gene expression (Kuznesov
and Shevyakova 2007; Pang et al. 2007).
There have only been a limited number of studies
regarding the effects of various growth regulators and
amino acids alone or in combination on cherry rooting
in vitro. Thus, to date, not much has been reported on
the effects of growth regulators and other additives in the
culture medium, whether individually or in combination,
on in vitro rooting of 2 important cherry rootstocks,
namely CAB-6P and Gisela 6.
The aim of the present study was to test the possible
effects of L-methionine on the rooting, total leaf
chlorophyll (a + b) concentration, total carbohydrates, and
proline concentrations in both the leaves and roots of the 2
commercial cherry rootstocks, CAB-6P and Gisela 6.
2. Materials and methods
2.1. Plant material and culture conditions
The effect of the amino acid L-methionine was studied
during in vitro experiments employing the cherry
rootstocks CAB-6P (P. cerasus L.) and Gisela 6 (P. cerasus ×
P. canescens). The amino acid was added at 3 concentrations
(0.5, 1.0, and 2.0 mg L–1) in combination with 3 indole3-butyric acid (IBA) concentrations (0.5, 1.0, and 2.0 mg
L–1). The control was without both IBA and L-methionine.
The experiment consisted of 10 treatments. Regarding the
plant material, shoot tip explants from previous in vitro
cultures of 1.5–2.5 cm in length were used. The initial
material was certified virus-free. The explants were grown
in glass flat-bottom test tubes, 25 × 100 mm, containing 10
mL of Murashige and Skoog (ΜS) medium (Murashige and
Skoog 1962). The nutrient culture medium also contained
30 g L–1 sucrose, 6 g L–1 agar (Bacto-agar), all necessary
macronutrients and micronutrients, vitamins, and amino
acids. The pH of the culture medium was adjusted to 5.8
before adding agar and sterilized by autoclaving at 121
°C for 20 min. One explant was aseptically transferred to
each test tube, which was capped with aluminum foil. All
of the cultures were incubated in a growth room under
controlled environmental conditions with a light intensity
of 150 µmol m–2 s–1 provided by cool white fluorescent
lamps (36 W, Philips), with a photoperiod of 16 h at 22
± 1 °C. In order to obtain the best response, data were
recorded 8 weeks after the explants had been transferred to
the rooting medium. Records were made for root number
per rooted explant, root length, root fresh and dry weight,

rooting percentage, shoot length and shoot fresh and dry
weight of the initial explant (shoot tip without roots), total
leaf chlorophyll (a + b) concentration, carbohydrates, and
proline concentrations in the leaves and roots.
2.2. Total leaf chlorophyll measurement
For chlorophyll extraction, 0.1 g of frozen leaves was
placed in 25-mL glass test tubes and 15 mL of 96% (v/v)
ethanol was added to each tube. The tubes with the plant
material were incubated in a water bath at a temperature
of 79.8 °C until after 4 h there was complete discoloration
of the samples. The absorbance of chlorophylls a and
b was measured at 665 and 649 nm, respectively. Total
chlorophyll was determined according to Wintermans and
De Mots (1965) from the following equations:
Chl (a + b) = (6.10 × A665 + 20.04 × A649) × 15/1000/
FW (mg g–1 FW),
Chl (a + b) = (6.10 × A665 + 20.04 × A649) × 15/1000/
DW (mg g–1 DW),
where FW and DW stand for the fresh and dry weights of
the plant material used.
2.3. Proline and total carbohydrate determination
For proline and total carbohydrate extraction, 0.1 g of
frozen material (leaves or roots), chopped into small
pieces, was placed in 25-mL glass test tubes and in each
tube 15 mL of 80% (v/v) ethanol was added. The tubes with
the plant material were incubated in a 60 °C water bath for
30 min (Khan et al. 2000). The extract was filtered with
Whatman No. 1 filter paper and free proline was measured
(Troll and Lindsley 1955) with acid ninhydrin solution.
Total carbohydrates were measured with the anthrone
reagent (Plummer 1987).
2.4. Statistical analysis
The experimental layout was completely randomized
and the data were analyzed with analysis of variance
(ANOVA) using SPSS 17.0 (SPSS Inc., Chicago, IL, USA).
The experiment was repeated twice and the reported
data are the means of the 2 experiments, which included
10 treatments, each with 10 replications. To establish
significant differences among the treatments, the Duncan
multiple range test and ±standard error (±SEM) were used
at P ≤ 0.05 for mean comparison.
3. Results
3.1. Effects of IBA and L-methionine on in vitro rooting
of CAB-6P and Gisela 6 rootstocks
In the CAB-6P rootstock, the greatest root length (25
mm) was observed in the control plants (Figure 1a),
which differed significantly from the other treatments.
The maximum number of roots per rooted explant (6.78)
and the fresh (0.132 g) and dry weight (0.009 g) of the
roots were observed with the highest IBA concentration
(2 mg L–1) without L-methionine (Figure 1b), which
differed significantly from the control. The greatest root
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Figure 1. Effect of IBA separately and simultaneously with L-methionine on in vitro rooting. Rootstock CAB-6P:
a) Control treatment (absence of IBA and L-methionine) where the root length was the greatest; b) maximum
root number in the 2 mg L–1 IBA alone and IBA (2 mg L–1) with L-methionine (0.5 mg L–1) treatments; c)
reduction in root length in the combination of IBA (2 mg L–1) with L-methionine (0.5 mg L–1) compared to
the individual effect of 2 mg L–1 IBA. Rootstock Gisela 6: d) Maximum root length in the control plants; e)
maximum root number in the presence of 2 mg L–1 IBA in the culture medium; f) decrease of root length in the
combined effect of IBA with L-methionine.

formation (95.24%) that this rootstock displayed appeared
to have been with the combined treatment of the highest
IBA (2 mg L–1) and the lowest L-methionine (0.5 mg L–1)
concentrations. With this combination treatment the other
significant observation made was maximum number of
roots per rooted explant (6.05), and in comparison to 2 mg
L–1 IBA alone, there was a reduction in root length (Figure
1c; Table 1).
Likewise, for the Gisela 6 rootstock, the greatest root
length (47.5 mm) was observed in the control plants (Figure
1d) and the least (5 mm) with the combined treatment of
the lowest IBA (0.5 mg L–1) and the highest L-methionine
(2 mg L–1) concentrations. The maximum number of
roots per rooted explant (7.88) and the fresh (0.070 g)
and dry weight (0.006 g) of the roots were observed
with the highest IBA concentration (2 mg L–1) without
L-methionine (Figure 1e). Maximum rooting percentage
(100%) was with the combined treatment of the highest
IBA (2 mg L–1) and the lowest L-methionine (0.5 mg L–1)
concentrations. Overall, in the Gisela 6 rootstock, there
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seems to have been a decrease in the root length with the
combined IBA and L-methionine treatments, irrespective
of their concentration (Figure 1f), in comparison to the
control (Table 2).
3.2. Effects of IBA and L-methionine on vegetative
growth characteristics (shoot length, shoot fresh and dry
weight) of the CAB-6P and Gisela 6 rootstocks
Regarding the CAB-6P rootstock, it appears that the best
results for the shoot fresh and dry weights, as well as the
maximum shoot length, were obtained with the addition of
2 mg L–1 IBA concentration alone to the culture medium;
maximum shoot length was also found in the control
plants (Table 3).
On the other hand, regarding the Gisela 6 rootstock,
the best results for the shoot fresh and dry weights were
obtained when 1 mg L–1 IBA was combined with the
various concentrations of L-methionine. In addition, there
do not appear to have been any statistically significant
differences among the treatments on the shoot length of
the initial explant (Table 4).
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Table 1. Effect of IBA separately and in combination with L-methionine (meth) on mean root number per rooted explant, mean root
length, mean root fresh and dry weight (g), and rooting percentage in the cherry rootstock CAB-6P.
Treatments
(mg L–1)

Root number per
rooted explant

Root
lengt (mm)

Root fresh
weight (g)

Root dry
weight (g)

Rooting percentage

Control

1.00 ± 0.02 a

25.00 ± 0.35 e

0.014 ± 0.002 ab

0.002 ± 0.001 a

20.00 a

0.5 IBA + 0.5 meth

3.09 ± 0.41 c

17.38 ± 1.73 d

0.034 ± 0.004 d

0.004 ± 0.001 bc

73.33 g

0.5 IBA + 1.0 meth

3.33 ± 0.29 cd

11.47 ± 0.37 ab

0.020 ± 0.001 abc

0.002 ± 0.001 a

40.00 d

0.5 IBA + 2.0 meth

1.33 ± 0.06 a

9.67 ± 0.89 a

0.010 ± 0.001 a

0.002 ± 0.001 a

33.33 b

1 IBA + 0 meth

1.86 ± 0.19 ab

13.86 ± 1.07 bc

0.024 ± 0.001 bcd

0.004 ± 0.001 bc

66.67 e

1 IBA + 0.5 meth

3.50 ± 0.34 cd

15.09 ± 1.52 cd

0.069 ± 0.007 f

0.008 ± 0.001 e

70.59 f

1 IBA + 1.0 meth

4.27 ± 0.41 d

15.74 ± 1.55 cd

0.046 ± 0.006 e

0.005 ± 0.001 cd

75.00 h

2 IBA + 0 meth

6.78 ± 0.51 e

15.56 ± 0.63 cd

0.132 ± 0.001 g

0.009 ± 0.001 f

90.00 i

2 IBA + 0.5 meth

6.05 ± 0.73 e

12.56 ± 0.85 abc

0.053 ± 0.007 e

0.006 ± 0.001 d

95.24 j

2 IBA + 1.0 meth

2.57 ± 0.19 bc

9.55 ± 0.25 a

0.029 ± 0.001 cd

0.003 ± 0.001 ab

36.84 c

IBA

***(<0.001)

***(<0.001)

***(<0.001)

***(<0.001)

***(<0.001)

Meth

***(<0.001)

***(<0.001)

***(<0.001)

***(<0.001)

***(<0.001)

IBA × Meth

***(<0.001)

***(<0.001)

***(<0.001)

***(<0.001)

***(<0.001)

P-values (2-way ANOVA)

Treatments denoted by the same letter are not significantly different according to Duncan’s multiple range test at P ≤ 0.05. n = 10. ***:
P < 0.001.
Table 2. Effect of IBA separately and in combination with L-methionine (meth) on mean root number per rooted explant, mean root
length, mean root fresh and dry weight (g), and rooting percentage in the cherry rootstock Gisela 6.
Treatments
(mg L–1)

Root number per
rooted explant

Root length
(mm)

Root fresh
weight (g)

Root dry
weight (g)

Rooting
percentage

Control

1.00 ± 0.15 a

47.50 ± 1.12 d

0.048 ± 0.001 c

0.004 ± 0.001 d

20 a

0.5 IBA + 0.5 meth

3.25 ± 0.60 b

18.99 ± 2.11 bc

0.015 ± 0.001 a

0.002 ± 0.001 b

40 b

0.5 IBA + 1.0 meth

3.00 ± 0.26 b

19.21 ± 1.92 bc

0.034 ± 0.001 b

0.003 ± 0.001 c

40 b

0.5 IBA + 2.0 meth

1.00 ± 0.21 a

5.00 ± 0.06 a

0.010 ± 0.001 a

0.001 ± 0.001 a

20 a

1 IBA + 0 meth

5.00 ± 0.54 c

22.44 ± 1.47 b

0.017 ± 0.001 a

0.002 ± 0.001 b

50 c

1 IBA + 0.5 meth

2.50 ± 0.24 ab

12.98 ± 1.17 b

0.013 ± 0.001 a

0.002 ± 0.001 b

40 b

1 IBA + 1.0 meth

2.17 ± 0.28 ab

18.73 ± 4.92 bc

0.047 ± 0.005 c

0.005 ± 0.001 e

60 d

2 IBA + 0 meth

7.88 ± 1.16 d

16.61 ± 1.83 bc

0.070 ± 0.002 d

0.006 ± 0.001 f

80 e

2 IBA + 0.5 meth

5.10 ± 0.90 c

17.30 ± 3.02 bc

0.047 ± 0.005 c

0.005 ± 0.001 e

100 f

2 IBA + 1.0 meth

2.75 ± 0.35 b

19.03 ± 3.34 bc

0.031 ± 0.003 b

0.004 ± 0.001 d

80 e

IBA

***(<0.001)

***(<0.001)

***(<0.001)

***(<0.001)

***(<0.001)

Meth

***(<0.001)

***(<0.001)

***(<0.001)

***(<0.001)

***(<0.001)

IBA × Meth

0.096 ns

0.190 ns

***(<0.001)

***(<0.001)

***(<0.001)

P-values (2-way ANOVA)

Treatments denoted by the same letter are not significantly different according to Duncan’s multiple range test at P ≤ 0.05. n = 10. ns:
nonsignificant difference at P ≥ 0.05, ***: P < 0.001.
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Table 3. Effect of IBA separately and in combination with L-methionine (meth) on mean shoot length (mm) and mean fresh and dry
weight of the initial explant (g; shoot tip without roots) in the cherry rootstock CAB-6P.
Treatments (mg L–1)

Shoot length (mm)

Shoot fresh weight (g)

Shoot dry weight (g)

Control

24.17 ± 0.41 d

0.099 ± 0.001 ab

0.010 ± 0.001 ab

0.5 IBA + 0.5 meth

12.00 ± 0.67 ab

0.144 ± 0.012 c

0.014 ± 0.001 c

0.5 IBA + 1.0 meth

12.67 ± 1.08 ab

0.103 ± 0.010 ab

0.010 ± 0.001 ab

0.5 IBA + 2.0 meth

14.17 ± 0.86 b

0.084 ± 0.011 a

0.009 ± 0.001 a

1 IBA + 0 meth

20.56 ± 1.40 c

0.302 ± 0.007 d

0.030 ± 0.001 d

1 IBA + 0.5 meth

10.29 ± 0.24 a

0.133 ± 0.011 bc

0.013 ± 0.001 bc

1 IBA + 1.0 meth

12.50 ± 0.73 ab

0.098 ± 0.011 ab

0.010 ± 0.001 ab

2 IBA + 0 meth

23.00 ± 1.51 cd

0.938 ± 0.019 e

0.094 ± 0.002 e

2 IBA + 0.5 meth

11.43 ± 0.61 ab

0.113 ± 0.013 abc

0.011 ± 0.001 abc

2 IBA + 1.0 meth

12.11 ± 0.72 ab

0.127 ± 0.010 bc

0.013 ± 0.001 bc

IBA

0.059 ns

***(<0.001)

***(<0.001)

Meth

***(<0.001)

***(<0.001)

***(<0.001)

IBA × Meth

0.445 ns

***(<0.001)

***(<0.001)

P-values (2-way ANOVA)

Treatments denoted by the same letter are not significantly different according to Duncan’s multiple range test at P ≤ 0.05. n = 10. ns:
nonsignificant difference at P ≥ 0.05, ***: P < 0.001.

Table 4. Effect of IBA separately and in combination with L-methionine (meth) on mean shoot length (mm) and mean fresh and dry
weight of the initial explant (g; shoot tip without roots) in the cherry rootstock Gisela 6.
Treatments (mg L–1)

Shoot length (mm)

Shoot fresh weight (g)

Shoot dry weight (g)

Control

21.50 ± 1.67 a

0.226 ± 0.015 a

0.023 ± 0.001 a

0.5 IBA + 0.5 meth

26.50 ± 1.30 a

0.558 ± 0.027 cde

0.056 ± 0.003 c

0.5 IBA + 1.0 meth

23.50 ± 2.36 a

0.652 ± 0.054 ef

0.079 ± 0.009 e

0.5 IBA + 2.0 meth

26.50 ± 4.02 a

0.582 ± 0.001 def

0.058 ± 0.006 cd

1 IBA + 0 meth

29.00 ± 2.96 a

0.459 ± 0.040 bc

0.046 ± 0.004 bc

1 IBA + 0.5 meth

26.50 ± 3.25 a

0.685 ± 0.068 f

0.069 ± 0.007 de

1 IBA + 1.0 meth

25.00 ± 3.42 a

0.695 ± 0.032 f

0.070 ± 0.003 de

2 IBA + 0 meth

25.00 ± 4.22 a

0.238 ± 0.013 a

0.024 ± 0.001 a

2 IBA + 0.5 meth

21.50 ± 2.11 a

0.492 ± 0.015 bcd

0.049 ± 0.001 bc

2 IBA + 1.0 meth

22.27 ± 2.17 a

0.404 ± 0.048 b

0.040 ± 0.005 b

IBA

0.153 ns

***(<0.001)

***(<0.001)

Meth

0.558 ns

***(<0.001)

***(<0.001)

IBA × Meth

0.931 ns

0.111 ns

0.003 **(<0.01)

P-values (2-way ANOVA)

Treatments denoted by the same letter are not significantly different according to Duncan’s multiple range test at P ≤ 0.05. n = 10. ns:
nonsignificant difference at P ≥ 0.05, **: P < 0.01, ***: P < 0.001.
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3.3. Effects of IBA and L-methionine on total leaf
chlorophyll, total carbohydrates, and endogenous proline
concentration in the CAB-6P and Gisela 6 rootstocks
In regards to the CAB-6P rootstock, there was no
significant change in the leaf chlorophyll content in
comparison to the control when IBA alone was added
to the culture medium. This appears to have been the
case irrespective of the concentration levels. When IBA
and L-methionine were combined, however, they had an
inhibitory effect on leaf chlorophyll content. These findings
apply to chlorophyll concentration expressed in mg g–1
fresh weight. The results significantly differed, however,
when leaf chlorophyll content was expressed in dry weight,
where the application of IBA alone significantly increased
leaf chlorophyll content. This was in contrast to the lowest
L-methionine (0.5 mg L–1) when combined with the lowest
and the highest IBA concentrations (0.5 and 2 mg L–1,
respectively), where there was a significant decrease in the
leaf chlorophyll content in terms of dry weight (Table 5).
Furthermore, IBA alone or combined with
L-methionine did not significantly alter the carbohydrate
or the proline concentrations in the leaves of CAB-6P
when compared to the control. In the roots, however,
the carbohydrate and proline concentrations appear to

have been significantly enhanced when the lowest IBA
concentration (0.5 mg L–1) was combined with each of the
2 highest L-methionine concentrations (1 and 2 mg L–1) in
comparison to the other treatments. On the other hand,
there was a significant reduction in the endogenous proline
concentration in the roots when the lowest L-methionine
concentration (0.5 mg L–1) was combined with 1 and 2 mg
L–1 IBA (Table 6).
In regards to the Gisela 6 rootstock, there was no
significant change in the leaf chlorophyll content in
comparison to the control when IBA was added to the
culture medium, either alone or in combination with
L-methionine. This was the case for both fresh and dry
weight, expressed in mg g–1 (Table 5). In addition, the
carbohydrate concentration in the leaves increased by
1.6 times with the highest IBA concentration (2 mg L–1)
in comparison to the control. In contrast, the addition of
1 mg L–1 IBA alone and in combination with 0.5 mg L–1
L-methionine had the effect of reducing the carbohydrate
concentration in the leaves. There were no significant
statistical differences observed in the endogenous proline
concentration in leaves among the treatments. In the roots
the carbohydrate and proline concentrations were greatest
in the control plants of the Gisela 6 rootstock (Table 7).

Table 5. Effect of IBA separately and in combination with L-methionine (meth) on total leaf chlorophyll concentration
(mg g–1 FW and mg g–1 DW) in the cherry rootstocks CAB-6P and Gisela 6, respectively.
Rootstock

CAB-6P

Gisela 6

Treatments
(mg L–1)

chl(a+b)
mg g–1 FW

chl(a+b)
mg g–1 DW

chl(a+b)
mg g–1 FW

chl(a+b)
mg g–1 DW

Control

3.334 ± 0.441 bc

15.117 ± 2.078 c

2.371 ± 0.668 ab

23.354 ± 6.474 ab

0.5 IBA + 0.5 meth

1.132 ± 0.100 a

8.325 ± 0.927 a

1.736 ± 0.469 ab

20.521 ± 4.186 ab

0.5 IBA + 1.0 meth

1.618 ± 0.036 a

16.182 ± 0.366 c

2.096 ± 0.681 ab

24.740 ± 6.739 ab

0.5 IBA + 2.0 meth

1.102 ± 0.086 a

12.792 ± 0.421 abc

1.906 ± 0.514 ab

22.498 ± 5.636 ab

1 IBA + 0 meth

4.113 ± 0.634 c

25.321 ± 3.803 d

0.762 ± 0.249 a

7.541 ± 1.938 a

1 IBA + 0.5 meth

1.584 ± 0.113 a

14.368 ± 0.270 bc

1.042 ± 0.345 ab

12.250 ± 3.599 ab

1 IBA + 1.0 meth

1.920 ± 0.005 a

16.665 ± 1.365 c

1.362 ± 0.333 ab

17.023 ± 4.169 ab

2 IBA + 0 meth

3.213 ± 0.424 b

26.874 ± 2.744 d

1.325 ± 0.528 ab

10.759 ± 4.046 ab

2 IBA + 0.5 meth

1.198 ± 0.040 a

9.461 ± 0.162 ab

2.484 ± 0.628 b

27.264 ± 8.833 b

2 IBA + 1.0 meth

1.549 ± 0.129 a

15.486 ± 1.294 c

2.643 ± 0.380 b

23.547 ± 3.925 ab

IBA

0.105 ns

***(<0.001)

0.023*

0.059 ns

Meth

***(<0.001)

***(<0.001)

0.270 ns

0.158 ns

IBA × Meth

0.759 ns

0.218 ns

0.826 ns

0.691 ns

P-values (2-way ANOVA)

Treatments denoted by the same letter are not significantly different according to Duncan’s multiple range test at P ≤
0.05. n = 10. ns: nonsignificant difference at P ≥ 0.05, *: P < 0.05, ***: P < 0.001.

693

SARROPOULOU et al. / Turk J Agric For
Table 6. Effect of IBA separately and in combination with L-methionine (meth) on total carbohydrates (µmol g–1 FW)
and endogenous proline (µmol g–1 FW) concentration in the cherry rootstock CAB-6P.
Leaves

Roots

Treatments
(mg L–1)

Carbohydrates (µmol Proline
g–1 FW)
(µmol g–1 FW)

Carbohydrates
(µmol g–1 FW)

Proline
(µmol g–1 FW)

Control

36.938 ± 1.415 a

3.209 ± 0.266 b

-w

-

0.5 IBA + 0.5 meth

49.996 ± 2.080 a

2.226 ± 0.248 ab

38.908 ± 1.454 ab

1.373 ± 0.089 bc

0.5 IBA + 1.0 meth

71.562 ± 6.010 a

2.676 ± 0.230 ab

56.156 ± 0.001 c

1.908 ± 0.001 d

0.5 IBA + 2.0 meth

77.838 ± 3.093 a

2.133 ± 0.289 ab

61.410 ± 0.001 c

2.084 ± 0.001 d

1 IBA + 0 meth

36.709 ± 1.730 a

2.745 ± 0.017 ab

32.773 ± 7.027 a

1.492 ± 0.102 c

1 IBA + 0.5 meth

71.169 ± 2.719 a

1.865 ± 0.068 a

36.968 ± 2.125 ab

1.110 ± 0.035 a

1 IBA + 1.0 meth

64.217 ± 3.601 a

2.418 ± 0.402 ab

40.144 ± 3.054 ab

1.250 ± 0.035 ab

2 IBA + 0 meth

40.567 ± 2.591 a

3.006 ± 0.756 b

39.303 ± 4.572 ab

1.504 ± 0.083 c

2 IBA + 0.5 meth

69.662 ± 2.014 a

2.439 ± 0.027 ab

34.821 ± 1.898 a

1.123 ± 0.108 a

2 IBA + 1.0 meth

73.044 ± 0.001 a

2.179 ± 0.001 ab

46.025 ± 0.001 b

1.417 ± 0.001 c

IBA

0.839 ns

0.584 ns

0.017* (<0.05)

***(<0.001)

Meth

0.037* (<0.05)

0.099 ns

***(<0.001)

IBA × Meth

0.707 ns

0.587 ns

0.165 ns

P-values (2-way ANOVA)
***(<0.001)
0.049* (<0.05)

: Omission of biochemical analysis in roots in the control treatment due to reduced availability of plant material.
Treatments denoted by the same letter are not significantly different according to Duncan’s multiple range test at P ≤
0.05. n = 10. ns: nonsignificant difference at P ≥ 0.05, *: P < 0.05, ***: P < 0.001.

w

Table 7. Effect of IBA separately and in combination with L-methionine (meth) on total carbohydrates (µmol g–1 FW)
and endogenous proline (µmol g–1 FW) concentration in the cherry rootstock Gisela 6.

Treatments
(mg L–1)

Leaves

Roots

Carbohydrates (µmol Proline
g–1 FW)
(µmol g–1 FW)

Carbohydrates
(µmol g–1 FW)

Proline
(µmol g–1 FW)

Control

43.507 ± 2.641 c

4.010 ± 0.218 ab

66.072 ± 4.067 e

2.808 ± 1.047 b

0.5 IBA + 0.5 meth

35.180 ± 0.392 bc

3.507 ± 0.552 ab

16.370 ± 1.230 a

1.864 ± 1.147 ab

0.5 IBA + 1.0 meth

28.518 ± 2.338 bc

4.095 ± 1.067 ab

27.162 ± 3.654 ab

1.244 ± 1.284 a

0.5 IBA + 2.0 meth

31.271 ± 2.539 bc

3.160 ± 0.265 ab

-

1 IBA + 0 meth

21.013 ± 1.138 ab

2.881 ± 0.539 ab

53.849 ± 6.354 d

w

1.368 ± 1.036 a

1 IBA + 0.5 meth

12.726 ± 1.182 a

1.823 ± 0.017 a

-

-

1 IBA + 1.0 meth

36.113 ± 9.820 bc

3.998 ± 1.104 ab

-

-

2 IBA + 0 meth

70.516 ± 4.528 d

3.279 ± 0.783 ab

47.456 ± 1.117 cd

1.486 ± 0.077 a

2 IBA + 0.5 meth

37.972 ± 2.789 c

4.263 ± 1.287 ab

36.644 ± 9.058 bc

1.699 ± 0.026 ab

2 IBA + 1.0 meth

39.145 ± 9.975 c

5.849 ± 2.306 b

22.646 ± 7.621 a

1.386 ± 0.098 a

P-values (2-way ANOVA)
IBA

***(<0.001)

0.221 ns

0.010**

0.085 ns

Meth

0.012* (<0.05)

0.202 ns

0.006** (<0.01)

0.514 ns

IBA × Meth

***(<0.001)

0.610 ns

0.005** (<0.01)

0.705 ns

: Omission of biochemical analysis in roots due to reduced availability of plant material.
Treatments denoted by the same letter are not significantly different according to Duncan’s multiple range test at P ≤
0.05. n = 10. ns: nonsignificant difference at P ≥ 0.05, *: P < 0.05, **:P < 0.01, ***: P < 0.001.

w
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4. Discussion
The findings in the present study indicate that the
interaction between L-methionine and the auxin IBA
concentrations affect in vitro rhizogenesis in a number
of different ways. For all the treatments it was found
that rooting always followed callus formation. In other
words, L-methionine and IBA concentrations exert
different effects on rooting characteristics as well as on
various biochemical measurements. It was shown that
the 2 rootstocks, CAB-6P and Gisela 6, display a different
organogenetic reaction, which is genotype-dependent, and
achieve different maximum and minimum values in the
individual rooting and vegetative growth characteristics.
Our findings showed that only the lowest L-methionine
concentration (0.5 mg L–1) in combination with the
highest IBA concentration (2 mg L–1) reinforced root
formation in the explants of both rootstocks. This was not
in keeping with the results reported by Orlikowska (1992)
for the dwarf apple rootstock P 60, where L-methionine
(200 mg L–1) in the presence of IBA significantly reduced
the rooting percentage. This discrepancy between the 2
studies could be ascribed to possible toxic effects of the
high L-methionine concentrations used in the dwarf apple
rootstock P 60.
However, our findings on the negative synergistic
relationship between L-methionine and IBA regarding
the root number of the Gisela 6 rootstock seems to agree
with Orlikowska’s results (1992). This could be due to the
accumulation of L-methionine as a precursor of ethylene
from the tissues of the explants. The level of endogenous
ethylene being reduced may justify the negative result.
The findings of González et al. (1991), which were in
opposition to ours, showed that 0.03 mg L–1 L-methionine
did not promote the positive effects of IBA (10 mg L–1) in
the rooting of hazelnut cotyledons, there not being any
significant differences in the number of roots per cotyledon.
In the present study, it appears that the inhibitory effect on
the root number of the Gisela 6 explants resulting from
the additional application of L-methionine could be due
to a decrease in the rate of cell division when compared
to that achieved in the presence of IBA alone. One other
reason could be 200- to 400-fold increase in L-methionine
concentration, which not only results in toxic levels of
endogenous L-methionine but also causes the mineral
content of the culture medium to double, making the
inorganic nitrogen levels toxic.
In the present study, the root length for both rootstocks
was greatest in the control. As is well known, auxins are
required more in the induction phase of root initiation
and formation, which might often result in a reduction
in root length due to decreased cell volume (Machakova
et al. 2008). According to Hartmann et al. (1997), IBA
concentration that is below optimal levels inhibits free

endogenous IAA activity as a result of increased IAA
oxidase activity, and thus causes a decrease in the number
of root meristemoids. Similarly, high IBA concentrations
resulted in the inhibition of root primordium development.
In both the rootstocks of the present study, optimal
IBA concentration in the absence of L-methionine that
ensured the greatest root length was at 2 mg L–1, while for
the avocado cultivar Fuerte in the study by Zulfiqar et al.
(2009) it was 0.5 mg L–1. Furthermore, IBA is necessary
for the division of cells in the cambium and enlargement
of the primary cell wall (Taiz and Zeiger 2002). Optimal
IBA concentration is a prerequisite for enzyme activation,
which assists in loosening and extension of the cell walls,
as well as an increase in root length (Hasnat et al. 2007).
According to Delgado et al. (1994), adding amino acids
to the culture medium as a source of organic N increased
both the chlorophyll concentration and photosynthetic
activities in the leaves. This is contrary to the findings of
the present study, where the addition of L-methionine,
irrespective of concentration, produced an inhibitory
effect on the leaf chlorophyll content of the CAB-6P
rootstock, whereas for the Gisela 6, it had no effect
whatsoever. Delgado et al. (1994) found that in winter
wheat, nitrogen deficiency reduced both the chlorophyll
content in the leaves and the activity of RuBisCo, resulting
in decreased photosynthetic capacity and carboxylation
efficiency. This also applies to the CAB-6P explants in
the present study. With regard to the leaf chlorophyll
concentration, El-Awadi and Hassan (2011) reported
the opposite results in fennel (Foeniculum vulgare Mill.;
Apiaceae). The counteraction of L-methionine could
be employed either in the process of mRNA translation
to initiate protein synthesis (Lodish et al. 2000) or as a
regulatory molecule in the formation of SAM (Hesse and
Hoefgen 2003). Furthermore, L-methionine enhanced
the levels of polyamine accumulation, which is controlled
by stress signaling (Panicot et al. 2002), and it is also
involved in furnishing aspartate (Hesse et al. 2004) and
linking it with the growth hormones cytokinins, auxins,
and brassinosteroids (Maxwell and Kieber 2004), which
interfere with cell division. In our study, another possible
explanation (Ludwing-Muller 2000) for the primary effect
of IBA in the absence of L-methionine on the chlorophyll
content of the CAB-6P explants could be the stimulatory
role of IBA on the amount of metabolites synthesized
through the enhancement of cell division. Hence, as
a methyl group donor, L-methionine through SAM
regulates the essential cellular processes, including cell
division and the synthesis of the cell wall, chlorophyll, and
the membrane (Roje 2006). The different response in the
2 studies could be ascribed firstly to the different genotype
and culture conditions, which was in vivo in fennel and in
vitro in the cherry rootstock, and secondly to the much
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higher L-methionine concentrations applied to the fennel
explants (200–1000 times greater) in comparison to those
in our experiment.
In CAB-6P explants, the application of IBA (1 and 2
mg L–1) significantly increased the leaf chlorophyll content,
expressed in mg g–1 dry weight. Similarly, El-Shraiy and
Hegazi (2009) found that chlorophyll concentration was
significantly increased by spraying the leaves of Pisum
sativum with 500 and 1000 mg L–1 IBA.
Research has shown that a relationship exists between
carbohydrate concentration, photosynthesis, and the
number of roots per rooted explant (Αhkami et al.
2008). Carbohydrates are involved in root formation as
during the process of rhizogenesis in Petunia hybrida
cuttings, it was observed that there was an accumulation
of soluble and insoluble carbohydrates (Ahkami et al.
2008). In the present study of the CAB-6P rootstock, the
leaf carbohydrate concentration was not affected by the
application of IBA either in the presence or the absence of
L-methionine. Correa et al. (2012), found that in detached
Arabidopsis thaliana leaves, soluble sugars appeared as one
of the most distinct biochemical markers of the rooting
process in this system when taking into consideration the
different parameters examined. However, the elevated
levels of proline in the roots of the CAB-6P rootstock
when 0.5 mg L–1 IBA was combined with 1 and 2 mg L–1
L-methionine, compared to IBA alone, show osmotic or
oxidative stress. According to Thorpe (1993), an increase
in the endogenous proline concentration in roots might be
the result of the conversion of one amino acid to another,
causing stress to the explants. This may help explain the
response in the CAB-6P explants in this study, where the
number, the root length, and the rooting percentage in
the 0.5 mg L–1 IBA plus 2 mg L–1 L-methionine treatment
were extremely low at levels similar to or even lower than
those of the control. In the Gisela 6 rootstock, on the
other hand, the inhibitory effects on rooting produced
by the combination of L-methionine with the highest
IBA concentration may be associated with depleted
carbohydrate levels in the leaves compared to IBA alone.
The mechanisms for osmoregulation and osmotic
adjustment are localized only in the roots for the Gisela
6 explants and only in the leaves for CAB-6P, as indicated
by the declined proline levels in those parts, respectively,
which in the latter case was attained in combination with 1
mg L–1 IBA and 0.5 mg L–1 L-methionine. As an osmolyte
(Saradhi et al. 1995), the function of proline includes
its effects on protein stabilization (Anjum et al. 2000),
cytosolic pH regulation (Venekamp 1989), and the NAD/
NADH ratio (Alia and Saradhi 1993). All stresses induce
the production of reactive oxygen species, particularly
singlet oxygen and free radicals, which are produced
under stressful conditions (Smirnoff and Cumbes 1989),
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destroy the function of proteins (Heath and Packer 1968),
break DNA (Wei et al. 1998), and are responsible for lipid
peroxidation (Heath and Packer 1968). Only when the
level of stress has reached a critical point for plant growth
could there be an overproduction of proline. The synthesis
of osmosensors (proline, betaine, and reducing sugars),
which, acting as osmoregulators adjust osmotic pressure
in the cells, is biologically very important not only for the
detection and tolerance of specific stresses, but also for
their adaptation (Haq et al. 2011).
In our study, when IBA was applied exogenously to the
2 rootstocks there was a different reaction to the rooting
ability of each, due perhaps to the differing levels of
endogenous IAA (Le 1985), auxin metabolism (James and
Thurbon 1981a, 1981b; James 1983b), or sensitivity of cells
– targets to the auxin (James 1983a). Other explanations
could be that the exogenously applied IBA is converted to
IAA as demonstrated by Epstein and Lavee (1984) in olive
(Olea europaea) and in the stem cuttings of grapevine (Vitis
vinifera), or it might be the different rates of metabolism
and degradation of the applied auxin IBA (James 1983b).
Nevertheless, we cannot rule out the possibility that IBA
can be transformed into another compound of similar
rate in both rootstocks; however, there was a difference in
the rate of complexing conjugation with amides or esters.
Alvarez et al. (1989) detected higher levels of endogenousfree IAA in apple rootstock M 26 than in M 9, surmising
that the M 9 rootstock may be complexing a higher
percentage of newly converted IAA.
In our study, the decrement of shoot length and
fresh and dry weight of the CAB-6P rootstock due to the
application of L-methionine can be ascribed to lower levels
of endogenous gibberellic acid (GA3). El-Awadi and Hassan
(2011) had the opposite results in fennel (Foeniculum
vulgare Mill.; Apiaceae), where the application of 100
and 500 mg L–1 L-methionine in the soil increased the
length of the shoots, the number of leaves, the number of
branches, and the fresh and dry weights of the shoots, or,
in other words, the vegetative growth of the fennel plant.
In our study, the greater shoot fresh and dry weights of the
initial Gisela 6 explant due to the combination of IBA and
L-methionine could possibly be attributed to the higher
levels of endogenous GA3. Another explanation for this
happening might be due to the higher cell rate expansion,
as well as the increase in the length of the basal part of the
explants, where the tissue is more mature.
In conclusion, L-methionine has a direct effect
on the in vitro rooting of the CAB-6P and Gisela 6
explants; is involved in the photosynthetic apparatus,
influencing leaf chlorophyll content; participates in
carbohydrate biosynthesis and metabolism; and affects
proline accumulation both in the leaves and roots of both
rootstocks.
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